Objective: To perform a quantitative computed tomography (CT) assessment of short-and long-term outcomes of autologous fat injection augmentation in patients with unilateral vocal fold paralysis.
INTRODUCTION
Patients with unilateral vocal fold paralysis (UVFP) often experience dysphonia and dysphagia, and have a poor quality of life. 1, 2 Surgical options for this disorder include vocal fold injection, laryngoplasty type 1, arytenoid adduction, and reinnervation. [3] [4] [5] [6] Injection augmentation is the oldest treatment method for UVFP; paraffin was first used as an injection material in 1911. 7 Although several materials have been used for injection augmentation, reaction to a foreign body and absorption are problems to be solved, and no materials to solve these problems are known. Autologous fat injection therapy of the vocal folds was reported in 1991 by Mikaelian et al. and is ideal when the glottic gap is relatively small. 8 Although autologous fat injection therapy has become common because it does not induce any reaction to a foreign body, its effects diminish with time as the injected fat is gradually absorbed. 3, 8 This gradually worsens the quality of voice over time.
Several authors have used computed tomography (CT) to provide a detailed quantitative assessment after autologous fat injection augmentation of a paralyzed vocal fold. 5, 9 However, there are no reports of the CT image data immediately after fat injection and the sequential changes in the injected fat volume over long follow-up periods. The aim of the present study was to perform a quantitative CT assessment of the short-and long-term outcomes of autologous fat injection augmentation in patients with UVFP.
MATERIALS AND METHODS

Patients
The cases of 12 patients with UVFP who underwent autologous fat injection therapy in the Department of Otorhinolaryngology
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Treatment Strategy for UVFP
We performed a multimodal diagnostic study using a combination of clinical history, direct flexible laryngoscopy, stroboscopy, and thin-slice CT, which included the thorax, to exclude nonidiopathic causes such as those secondary to nerve compression by a malignancy. For patients with UVFP with a small gap between the right and left vocal processes, fat injection therapy or laryngoplasty type 1 was performed. For patients with UVFP with a very large gap between these processes, fat injection therapy or laryngoplasty type 1 was not sufficient by itself to improve the voice. Considering the patient's request, clinical history, and general condition, arytenoid adduction was performed under general anesthesia before fat injection therapy or under local anesthesia at the time of the laryngoplasty type 1. If glottic incompetence caused by vocal fold atrophy remained and the improvement in the voice was not sufficient after only arytenoid adduction, fat injection therapy was performed under general anesthesia. We used the arytenoid adduction procedure described by Isshiki et al. in 1978 to correct the persistent posterior glottic gap and vocal fold height mismatch. 10 Harvesting Adipose Tissue (Liposuction) and Vocal Fold Injection All surgical procedures were conducted under general anesthesia by head and neck or plastic and reconstructive surgeons. Ringer's lactate was first infused into the subcutaneous layer, and adipose tissue was harvested from the anterior abdominal wall by making one 3-mm incision. Manual liposuction was performed using an 18-G liposuction cannula and a 10-mL syringe as the collecting device. The inner syringe was pulled out to create a vacuum in the syringe. The autologous suctioned materials were collected by moving the cannula into the subcutaneous adipose tissue. The suctioned adipose tissue was irrigated with Ringer's lactate and then filtered with a sieve to separate the remaining blood, free fatty acids, and other cellular debris. The fat was loaded in a retrograde fashion into a 3-mL disposable syringe and was injected using a Celbrush instrument (Cytori Therapeutics; San Diego, CA, USA), which allowed the surgeon, with a brush of the thumb, to control exactly the amount of fat droplets injected into the vocal fold. The vocal fold was exposed by insertion of a rigid suspension laryngoscope (Rudert Anterior Commissure Triangular Laryngoscope; Karl Storz, Tuttlingen, Germany). Autologous fat was injected into the paralyzed side on the lateral aspect of the vocal process at the posterior third of the membranous cord. The injection was performed orally using a special-purpose laryngeal injection needle (18-G; Nagashima Medical Instruments, Tokyo, Japan). To avoid rapid leakage of the fat from the insertion site of the laryngeal injection needle, cotton was pressed over the insertion site for about 5 min after fat injection.
CT Assessment of Injected Autologous Fat Volume
CT images of the neck were obtained from 1.0-or 2.0-mm slices (64-row multidetector Aquilion scanner; Toshiba, Tokyo, Japan) after the fat injection therapy. All thin-section images were transferred to a Synapse Vincent volume analyzer (Fujifilm Medical Co., Ltd., Tokyo, Japan) to measure the injected autologous fat volume. In each patient, the borders of the injected fat were traced manually on a screen using a mousecontrolled cursor on an axial image. The software then generated a 3-dimensional (3D) model and calculated the injected fat volume directly (Fig. 1) . To verify whether the injected fat calculated from the CT images reflects the actual residual fat tissue, the radiodensity of the injected fat calculated from CT images was measured in Hounsfield units (HU). The scale is a quantitative measure of radiodensity that ranges from 21,000 for air to 11,000 for bone. The mean HU, range, and standard deviation (SD) were calculated for all CT images. All measurements were performed twice by two head and neck surgeons independently, and the mean values were used for analysis.
Statistical Analysis
The postoperative residual rates of the injected fat and other variables such as age, sex, lesion side, preoperative BMI, and previous treatment were compared between subgroups using the Mann-Whitney U test. The postoperative residual rate of the injected fat was defined as the mean residual rate three months postoperatively. To analyze the effects of age and BMI, we divided the patients into two groups: BMI 22 and >22 kg/m 2 , and age 60 and >60 years. Significance was defined as P <.05. The intraobserver repeatability and reproducibility of the two observers were evaluated using intraclass correlation coefficients (ICCs). The statistical analyses were performed using IBM SPSS Statistics (version 24; IBM Corp., Armonk, NY, USA). Table I shows the characteristics of the 12 patients with UVFP. The mean follow-up duration was 15 months (range, 1-24 months). The patients comprised six men and six women with a mean age at the time of surgery of 62.9 years (range, 46-82 years) and a mean BMI of 22.6 kg/m 2 (range, 18.3-27.1 kg/m 2 ). The primary diseases related to UVFP were recurrent nerve paralysis caused by surgery for thyroid cancer in four patients, for aortic aneurysm in four patients, for lung cancer, for esophageal cancer, and for thymus tumor in one patient each, and invasion of thyroid cancer in one patient. The mean duration from the onset of UVFP to the fat injection therapy was 11 months (range, 4-21 months). Five patients had received arytenoid adduction before the fat injection therapy because of the existence of a gap between both vocal folds. Seven patients had received no phonosurgery before the fat injection therapy. The mean operation time was 66.4 min (range, 44-87 min). The mean actual injected fat volume was 1.6 mL (range, 1.1-2.5 mL). Seven of the 12 patients with UVFP were assessed by CT two days after surgery. The mean actual injected fat volume was 1.9 mL (range, 1.1-2.5 mL) for these seven patients. The mean residual rate of the injected fat two days after surgery as measured by CT was 63.9%. The mean radiodensity was 256 HU (range, 269 to 237 HU). 
RESULTS
Illustrative Case
A 46-year-old woman (Patient 3) experienced dysphonia. Her right vocal fold had become fixed in the paramedian position after thyroid cancer surgery and showed signs of atrophy, and a gap between the vocal folds remained when vocalizing (Fig. 3) . We chose autologous fat injection therapy and injected autologous fat (1.2 mL) into the right vocal fold under general anesthesia. CT assessments were performed at 3, 12, and 24 months after surgery, and the residual rates were 15.6% at 3 months, 16.9% at 12 months, and 16.5% at 24 months. In the follow-up period, evaluation using direct flexible laryngoscopy was conducted every three months. Fullness of the right vocal fold was seen one month after injection therapy and a decrease in fullness was seen at three months. However, fullness of the right vocal fold did not change after three months, and the same extent of fullness remained at 6, 12, and 24 months after surgery.
DISCUSSION
In this study, we performed quantitative CT assessment of the short-and long-term outcomes of autologous fat injection augmentation in patients with UVFP. This is the first report to assess immediate CT imaging data after fat injection and the sequential changes in the injected fat volume over a long follow-up period. Several authors have reported on the treatment and volume of injected autologous fat; however, no studies have reported the relationship between the actual injected fat volume and immediate quantitative assessment. To evaluate the residual rate of the injected fat over a longterm follow-up, it is essential to collect immediate quantitative CT image data. Our results indicate that the injected fat volume decreases rapidly within the first several days after insertion. We found that the average residual rate of the injected fat was 63.9% when assessed by CT two days after surgery. There are several possible reasons for the early decrease in the injected fat volume two days after surgery. First, the early decrease in the injected fat volume may be caused by leakage of some fat tissue from the vocal fold through the insertion site. Second, the pressure around the fat tissue in the syringe before surgery (at barometric pressure) and the fat tissue in the vocal fold just after injection may have differed. Although it is difficult to assess the pressure around the fat tissue in the vocal fold accurately, it is possible that this difference in the pressures around the fat tissue before and after the injection may have caused or contributed to the decrease in fat volume in the vocal fold. Third, the autologous fat harvested before the injection was aqueous, and some moisture in the fat tissue may have been absorbed two days after surgery. The acute decrease in the residual rate of injected fat two days after surgery may reflect changes caused by leakage, pressure, and moisture content. By contrast, continuous degradation of the injected fat volume may be slower than that observed soon after injection. We performed serial CT assessment during the follow-up period and found that the mean residual rates of the injected fat were 30.0% at 3 months, 33.7% at 6 months, 29.2% at 12 months, and 32.0% at 24 months. Although both the quantitative CT assessment and clinical observations using direct flexible laryngoscopy showed that the injected fat volume decreased within the first 3 months, the residual fat volume was maintained at the same level from 3 to 24 months after injection.
Grafts from lean individuals remain bulkier than those from obese individuals. 11 Sato et al. reported that the cell size and density of liposuctioned autologous fat can differ between individuals and that the diameter of fat cells correlates with BMI. 12 However, preoperative BMI was not predictive of residual fat volume in our study, possibly because only 12 patients were included in this analysis, because we didn't have a broad enough range of BMI to capture differences or because the volume of injected fat in the vocal fold was smaller than in other areas, such as the breast or the facial area. BMI generally reflects the quantity of fat tissue throughout the body, but we did not collect data on BMI at each time point. Therefore, it is unclear whether changes in BMI over time predicted the changes in fat volume over time. Future studies should measure BMI at each time point to determine whether it is related to the amount of fat in the vocal fold in the follow-up period.
In the clinical setting, direct flexible laryngoscopy and stroboscopy are the most useful ways to check the condition of the vocal folds and are performed routinely in clinical settings. Several imaging modalities, such as CT and magnetic resonance imaging (MRI), can be used to evaluate the volume of injected fat for research rather than clinical purposes. MRI is the method of choice for assessing the injected fat volume because of its ability to identify fatty tissue, and it is used to measure fat survivability and longevity in the breast and facial areas. Kruschewsky et al. performed an animal study to Fig. 2 . Changes in the injected fat volume during the long follow-up period in 10 patients. Fig. 3 . Images of the view through the direct flexible laryngoscopy for patient 3 with right vocal fold paralysis. Fullness of the right vocal fold was seen at 1 month after injection therapy, and a decrease in the fullness of the right vocal fold was seen at 3 months. The fullness of the vocal fold was maintained after 3 months as observed at 6, 12, and 24 months after surgery.
determine the residual rate of autologous fat grafts in 24 paralyzed canine left vocal folds 12 weeks after the grafts and reported a residual rate of 18%. 13 H€ orl et al. reported that MRI provided an objective evaluation of volume loss with an average error of only 5% and residual rates of fat injection into facial defects of 51% at 3 months and 45% at 6, 9, and 12 months.
14 When assessing the accuracy of the measurement of the injected fat volume, a CT scan is also suitable for assessing the longterm viability of fat grafts. 15 Fang et al. identified the long-term residual fat volume by 3-D CT in 28 consecutive patients with UVFP and reported that the mean residual fat volume remained consistent (0.39 6 0.35 mL; range, 0.01-1.6 mL). 5 However, they did not identify the point at which the injected fat volume stabilized at 3 months or at another time because the interval from fat injection to image evaluation was longer than 12 months. Tamura et al. studied the injection of buccal fat and reported rate of residual fat in tissue was 19.8% 6 13.4% of the injected quantity at 7.7 6 8.1 months after injection. 9 We analyzed the CT image data immediately after fat injection and the sequential changes in injected fat volume over long follow-up periods. This allowed us to differentiate the acute changes in the residual rate of the injected fat after surgery and to analyze precisely the continuous absorption rate over a long-term period. We performed routine CT scans, including of the neck, to check the condition of primary disease, such as thyroid cancer and esophageal cancer. Although MRI is a good imaging modality for fat assessment because it involves no radiation exposure, in patients with UVFP who undergo several follow-up CT scans to check for the recurrence of cancer or regrowth of an aneurysm, it is important that the assessment use the same diagnostic modality. In this study, we performed repeated CT assessment to compare the pre-and postoperative conditions. When using quantitative image assessment of fat injection therapy, it is unclear whether the segmented region shown in the CT or MRI images reflects the actual residual fat. We used the HU for the injected fat to verify whether the injected fat volume calculated from CT images reflected the actual residual fat tissue. To provide a basis for evaluating the changes in HU of the injected fat over the long-term follow-up, we analyzed CT images two days after surgery in seven patients and used the HU to confirm the accuracy of our CT analysis. Ahmadi et al. reported that CT can accurately and quantitatively detect adipose tissue based on the CT HU threshold, which is 210 to 2190 HU for adipose tissue. 16 Although the mean HU of the injected fat after injection augmentation has not been reported, Tamura et al. used a predefined range of 210 to 250 HU to identify pixels corresponding to fat tissue in the vocal fold. 9 The HU of the injected fat calculated from CT images ranged from 269 to 237 HU (mean value, 256 HU) in this study and was within the range of HU for adipose tissue. For the volume estimation, although the measurements were performed by two head and neck surgeons, who were knowledgeable about fat injection therapy, our process of measuring the injected fat seems like a step that could introduce bias. However, considering the HU in the CT images in our study, we believe that the injected fat volume calculated from CT images provided a valid measure of the actual residual fat tissue. Moreover, the high ICCs for intraobserver repeatability and reproducibility for the two observers indicated satisfactory stability of our process of measuring the injected fat.
Long-term graft absorption is inevitable and unpredictable. Adipose-derived stem cells (ASCs) have attracted recent attention and have been used in animal experiments to control the absorption of autologous fat injections. Several studies of autologous fat transplantation with ASCs have shown improvements in the residual rate and quality of transplanted fat tissue. [17] [18] [19] [20] This high concentration of ASCs added to autologous fat injection therapy may improve treatment outcomes for patients with UVFP and is expected to be applied to clinical applications.
This study has several limitations. First, this was a retrospective study performed at a single institution with a small number of patients and the follow-up protocol for CT evaluation was not identical in all patients. The results need to be corroborated in a larger study population. Second, the fact that the amount of injected fat appeared to increase in some patients over time points toward a degree of inaccuracy in our means of measuring the injected fat volume from CT images. Third, we assessed only the images to determine the injected fat volume in the follow-up period. Because most pre-and postoperative voice data were not recorded, the voice outcomes, such as those measured using the grade, roughness, breathiness, asthenia, strain scale, and Voice Handicap Index, were not evaluated in detail in this study. Therefore, further studies are needed to determine the relationship between the injected fat volume and phonation.
CONCLUSION
The injected fat volume decreased within the first three months and the residual rate of the injected fat was 30.0% at three months after injection. After 3 months, however, the residual fat volume remained at the same level for up to 24 months after injection.
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